Aromatic nitrations by mixed acid have been selected as a specific case of a heterogeneous liquid-liquid reaction. An extensive experimental programme has been followed using adiabatic and heat-flow calorimetry and pilot reactor experiments, supported by chemical analysis. A series of nitration experiments has been carried out to study the influences of different initial and operating conditions such as temperature, stirring speed and sulphuric acid concentration. In parallel, a mathematical model to predict the overall conversion rate has been developed. In this paper the mathematical modelling and the implementation and experimental validation for benzene, toluene and chlorobenzene mononitration in the kinetic control regime (slow liquid-liquid reaction) are presented and discussed.
Introduction
Many questions remain to be answered for aromatic nitrations in mixed acid, particularly under the conditions employed in industry, and mainly in discontinuous reactors, despite the fact that nitration was one of the earliest unit processes to be operated on a large scale when the heavy organic chemical industry first developed in the last century. These reactions have played an equally important part in the development of our present understanding of the mechanism of organic reactions, offering a typical example of electrophilic substitution; see the classic investigations of Ingold and co-workers during the 1950s [l] .
The dynamic behaviour of aromatic nitrations by mixed acid in discontinuous reactors involves a considerable number of problems owing to the fact that, in these heterogeneous liquid-liquid reactions, chemical reaction and mass-transfer phenomena occur simultaneously. The occurrence of these phenomena leads to a complex problem when characterizing and scaling-up these processes, owing to the interdependence between fluid properties, operating conditions and equipment characteristics. Furthermore, nitrations involve high exothermicity and side reactions, which, in addition to the previously mentioned phenomena, have produced a considerable number of incidents; see Ref. [2] . Therefore, a better understanding of this kind of process is of great importance for the safe and economic design as well as the optimal operation of nitration plants. The present investigation was undertaken with the main purpose of studying the dynamic reactor behaviour and the influence of the different initial and operating conditions in discontinuous nitration processes. To achieve this, an extensive experimental programme has been carried out using adiabatic and heat-flow calorimetry and pilot plant experiments, supported by chemical analysis. The adiabatic experiments were performed using a PHI-TEC calorimeter [3] and the isothermal and isoperibolic experiments using an RCl reaction calorimeter [4] , while the pilot plant experiments were carried out in the FIRES facility [5] . Chemical analysis was done by gas chromatography [6] . In parallel, a mathematical model for predicting the overall conversion rate, within the range of experimental conditions studied, has been developed. This model has been introduced into the numerical simulator of the RCl reaction calorimeter [7] in order to compare and validate it with the experimental results. Furthermore, a special version of the simulator is applied on-line to estimate the reaction rate during nitration experiments [8] . These data are compared to those from chemical analysis and simulation. In this paper two kinetic expressions, based on different acidity functions, are described and implemented to interpret literature data from homogeneous nitration experiments with one liquid phase and low nitric acid concentration, C,,,, of around 10 _ 2 M. These kinetic expressions are extended to predict the dynamic behaviour of discontinuous nitrators under industrial conditions with two liquid phases and high nitric acid concentrations C,,,, of around 5 M. Also they are compared to experimental results from the mononitration of benzene, toluene and chlorobenzene in the kinetic regime of slow liquid-liquid reaction as a first step for the development of an overall conversion rate expression in the mass-transfer control region.
Interpretation of homogeneous kinetic data
As is well known from literature (Refs. [9, 10] , among others), the nitration of aromatic compounds by a mixture of nitric and sulphuric acids, called "mixed acid", occurs in the aqueous acid phase (L2), and proceeds through the intermediation of the nitronium ion NO,+: NO,' + ArH -+ products (1) Hence, if the interaction of the nitronium ion with the aromatic substrate is the rate-limiting step [l 11 , the reaction rate in the acid phase, using a BrPrnsted-Bjerrum rate law or transition-state theory, can be written as that the observed second-order rate of Eq. (3) changes by many orders of magnitude as the weight percentage of sulphuric acid changes: for example, k, increases typically by a factor of 109-10'2 between 50 and 80 wt.% H,SO,. Furthermore, it has long been noted that the rates of nitration of different compounds unexpectedly showed a maximum at approximately 90 wt.% H,SO, and then a gentle decrease in the 90-98 wt.% H,SO, range; see nitrobenzene in Fig. 2 .
In order to obtain the reaction rate constant k; by comparing Eqs. (2) and (3), and to explain the dependence of nitration rates on the sulphuric acid concentration, it is necessary to know the mechanism of the formation of NO,+. Correlations of nitration rates with different acidity functions H,,, HR and M, have been used to get information on the reaction mechanism as well as acidity dependence of reagents [9, 16] . In this paper, two of these kinetic formulations will be developed from homogeneous nitration data and then used to predict the reaction rate constants under industrial conditions. 106 I r = k'CL2 CL2 YA~HYNO~+ 2 ArH NO? Yf:
Hence, the aromatic compound diffuses through the organic phase to the interface and into the aqueous phase; whilst it is diffusing, it reacts in the boundary layer and/or in the bulk of the aqueous phase with the nitronium ion to form the nitrocompounds, see Fig. 1 .
From homogeneous nitration experiments it has been found, among others by Deno and Stein [12] and Coombes et al. [13] , that second-order kinetics hold, and rate coefficients were determined related to stoichiometric concentrations of reagents as
(3)
Plots of the observed rate constant, k2, vs. sulphuric acid composition, see benzene in Fig. 2 HA being any strong acid, in this case sulphuric or nitric acid. Eq. (4) takes into account the experimental fact that two water molecules are needed to hydrate the nitronium ion [18] . The role of the second water molecule in the hydration step is that of a general-base catalyst.
The equilibrium constant Kin Eq. (4) is expressed as:
NHNOq.H20uHA
For the acid compositions employed in industrial mononitrations, the concentration of the nitronium ion is so small that the activity of the nitronium ion equals its concentration. Hence
(6)
Furthermore, if we assume the concentration of the aromatic species in the acid phase to be small, the activity coefficients are equal to one, and it is possible to obtain 
In the homogeneous nitration experiments -the concentration of nitric acid is low -the activity coefficient, assuming infinite dilution as standard state, can be approximated as equal to one; hence the plot of logk> vs. -(H, + logu,,,) should give a straight line with a slope of 1 and intercept log(k;K) [20] .
Consequently overcome this problem, the similarity of behaviour of triarylcarbinols (ROH) or their derivates in sulphuric acid with that of nitric acid has been extensively used:
HNO,+HA&NO;+H,O+A
The measurement of the ionization ratios C, + /C,oH by indicators undergoing ionization according to Eq. It follows that H, approaches the pH at low ionic strengths and becomes identical at infinite dilution.
Experimental data from Cook et al. [22] showed H, to be proportional to l/T, whereas Kanhere and Chandalia [23] correlated H, to be a linear function of the sulphuric acid and nitric acid concentrations.
Following those studies, the acidity function has been correlated by us as: 
In Fig. 3 the comparison between the experimental and correlated data for different mixed-acid compositions is shown, whereas in Fig. 4 (c) The eq~i~i~r~~~ constant K for the .~~ff~fftio~ of the ~itro~~u~ ion. In the nitration of I-3-bis(trifluoromethyl)benzene, Miller et al. [24] found a certain value for K at 298.2 K. Using this value, the free energy was obtained, being AG = 45.37 kJ mol-' [25] . However, it is well known that the linear relationship between logk, and (HR + loga,,o) fails if wide acidity ranges are examined; for example, for halogenobenzenes when a range of 54-77 wt.% H,SO, is considered [14] . To overcome this problem, and as k; should be the true rate constant and not a function of the composition of the medium, AG was assumed to be a function of the sulphu~~ acid strength, and independent of the aromatic compound being nitrated. With these assumptions, it was possible to obtain -by a non-linear least-squares optimization of more than 20 different compounds with x = 45-82% and at different temperatures -the following empirical correlation for the free energy AC = I.9188 x 104 + 9.85014 x 102x -10.5177x2 (16) where x is the sulphuric acid strength, expressed as weight percentage of sulphuric acid in the total mass of sulphuri~ acid plus water; x' approximately equals the weight percent of sulphuric acid in the case of homogeneous nitration experiments. The starting values for the correlation were the data from Miller et al. [24] . In this case, as K is not an experimental value, it is not possible to establish whether the "true" value of K or cK and c-'k; have been found, but for the purposes of this work this is not important, since they will be always used as a product in Eq. (10).
Figs. 5 to 7 show the comparison between experimental and calculated values for k2 at 298.2 K as a function of the sulphuric acid strength. It can be seen that at low and medium suiphuric acid concentrations up to 85X, Eq. (10) produces accurate results. At high sulphuric acid concentrations (see Fig. 7 ) the results are poor. Different expIanations have been proposed in the literature for this behaviour 191, amongst them that at these concentrations the activity coefficient of nitronium ion can no longer be equated to the concentration, see Eq.
13/
(6), and that to interpret the experimental results correctly, activity functions instead of concentrations should be introduced in the kinetic formulations.
Using the previous empirical correlations and experimental data from homogeneous nitration experiments at different temperatures, it is possible to obtain k; for each aromatic compound. The frequency factor and the activation energy are given in Table 1 for some aromatic compounds; see Appendix 2 for the derivation. 
Determinution of k; using the MC activity coeficient ,function
To solve the problems and shortcomings of the above formulation, Marziano and co-workers [14-161 developed a new method to describe the second-order nitration rates observed in homogeneous experiments. This method takes into account the effective concentration of solutes and changes in the yArH~NoZ+/~* ratio with acidity, using the A4, function to be discussed in the following. With this procedure, they were able to obtain a correct description of rate profiles for acid concentrations below and above 90 wt.% of sulphuric acid. It is well known that two different equilibria for nitric acid coexist simultaneously in aqueous sulphuric acid, i.e.
HNO, ti H + + NO,
HNO, + H ~+ * NO: + H,O
The corresponding equilibrium constants can be written as for the inverse of the nitronium ion formation. The equilibria of Eqs. (17) and (18) have been experimentally studied using various spectroscopic techniques, amongst others Raman and UV spectroscopy [29-311 and r4N NMR [32] in a wide acidity range from 1 to 98 Table 1 Frequency factor and activation energy for the reaction rate constant k;
Compound
In Deno et al. [29] i + ); and Ross et al. [32] (0). wt.% sulphuric acid. From these experiments the evaluated values at 298.2 K were KHNo, = 284.75 and KNoz+ = 1.47523 x 10" [33] . Fig. 8 shows how the equilibria switch from the nitric acid dissociation to the nitronium ion formation as the sulphuric acid weight percent increases. The point of a 50% formation of nitronium ion at 298.2 K occurs at about 88 wt.% H,SO,, and at acidities greater than 93 wt."/o H,SO, the nitronium ion is practically the only species.
Following the work of Marziano and co-workers, it is possible to use the empirical activity coefficient or J4, function [34, 35] , also called the excess acidity function, defined formally as n activity coefficients of reactants II& = log n activity coefficients of products (21) to evaluate Eqs. (19) and (20). The M, procedure is based on the following empirical linear relationship in concentrated acid solutions for the protonation equilibria of two generic basic indicators, i and j -log(y)= -n,log(y)
where B is base, A acid, C conjugated acid and n, a constant dependent on the two indicators.
This empirical equation shows that the ratio of activity coeficients of base i are multiples of those of base j. Therefore, substituting
Eq. (21) into Eqs. (19) and (20) 
NO-j+
Furthermore, combining Eq. (2) and Eq. (3) 
In consequence, plotting the logarithm of the righthand side of Eq. (28) vs. M, should give a straight line with a slope equal to n and an intercept equal to k; [15] . Hence, in order to obtain the values of k; and n, which will be specific for each aromatic compound, it is necessary to calculate: Furthermore it was assumed, as a first approximation, that this proton concentration would not change appreciably with temperature [39] .
(c) The equilibrium constants KNot and KHNo3 as a function of temperature. It has been assumed for the nitric acid dissociation that KHN03= eXp( -*) (32) where AGHNo, was calculated from data at 298.2 K. Ross et al. [22] , using 14N NMR, studied the equilibrium Eq. (18) k; for each aromatic compound. The frequency factor and the activation energy are given in Table 2 for different aromatic compounds; see Appendix 3 for the derivation.
Solubility of aromatic compounds in mixed acid: measurement and prediction
An important parameter in the derivation of an overall reaction rate expression is the solubility of the aromatic compounds in mixed acid, since it determines the maximum possible concentration in the reaction phase. Cerfontain [40] showed that the solubility of aromatic compounds in aqueous sulphuric acid can be correlated by
where AC,,, is a function of the sulphuric acid strength, the difference in internal pressure of the two immiscible solvents and the molar volume of the aromatic compound. It was found by Ismail [41] that in industrial mixed acids the effect of the nitric acid concentration on the total solubility also has to be taken 
where c,, c2 and cj are constants, to be determined for each individual aromatic compound, and f(xs) and f(xN) are polynomial functions of the sulphuric acid and nitric acid molar fractions, respectively.
I The constants of Eq. (35) for benzene, toluene and chlorobenzene are given in Table 3 , whereas the coefficients of the polynomials f(xs) and f(x,), Eqs. (36) and (37) are given in Tables 4 and 5 . Fig. 12 shows a comparison between experimental and calculated distribution coefficients for chlorobenzene at 298.2 K in aqueous sulphuric acid. It can be seen that benzene, toluene and chlorobenzene have very low distribution coefficients of (2) (3) (4) x lop4 in the range of interest for mononitration between 60 and 80 wt.% H,SO,; this will simplify the derivation of the overall rate expression.
In order to take into account the amount of nitric acid present in the organic phase, and therefore not available to form nitronium ion, experimental data from Refs. [41,45-471 were used to derive a similar expression to Eq. (35), also accounting for the amount of conversion in the organic phase.
Overall conversion rates for slow liquid-liquid reactions
It is well known that, in heterogeneous liquid-liquid reactions, mass transport can be increased if the sub- is the diffusivity of the aromatic compound in the acid phase.
Furthermore, as the solubility of the aromatic compounds in the acid phase is low and the mass transfer coefficients k,, and k,, being of the same order of magnitude, also k,,/k,,m >> 1, so it can be assumed that c;,, z C!&. The concentration drop from C& to C& is relatively more important. Hence, the conditions under which the concentration drop of the aromatic compound transferred over the boundary layer in phase L2 is more than, for example, 5% must be checked. If this is the case, the simple approximation c:,, z C& starts to lead to inaccuracies [49] . To check this approximation it is possible to compare the rate of mass transfer with the chemical reaction: J,,,a V = kL2( C&, -C&,)a V (391
JArHa V = wWtLHGL3
(401 where ?? L2 refers to the volumetric fraction acid phase in which the reaction takes place, and a is the interfacial area per unit volume. The combination of both equations gives: Hence, in the case where C&, z C&, it must be checked that k,,a >> ELZkZCb&.
For the case where the transport of the aromatic compound in the reaction phase is not chemically enhanced and the concentration drop in the reaction phase is relatively small, it is possible to derive an overall reaction rate expression as [49]
In order to check the validity of these assumptions it is necessary to calculate, by means of empirical correlations, the diffusion and mass-transfer coefficients. Furthermore the interfacial area has to be obtained.
The d$Iiision coeficients
Despite different available theoretical treatments for the description of diffusion in liquids, there are hardly any satisfactory methods to predict the diffusion coefficients in multicomponent mixtures. Therefore, prediction procedures must be applied only when experimental data are not available. Such procedures can be divided into those suitable for non-electrolytes and those suitable for electrolytes.
For the diffusivity of aromatic compounds in mixed acid, as suggested by Chapman and Strachan [44], a modified version of the widely used correlation, recommended by Perkins and Geankoplis [50] to estimate the multicomponent diffusion coefficient in liquid mixtures, can be used: 
where F is given by: 
where x and M are the mole fraction and molecular weight, respectively. Values of D for toluene and benzene were experimentally determined by Hanson and Ismail [51] using the laminar-jet technique. Fig. 13 shows the comparison between experimental and calculated diffusivities for toluene and benzene, using Eqs. (43)-(45).
Mass-trunsj~r coeficient
Unfortunately, there is only one experimental value in literature for the mass-transfer coefficient in aromatic nitrations by mixed acid, k,, equal to 1.03 x 10 ~ 5 m S '. This value was obtained by Chapman et al. [52] in a series of toluene nitration experiments using acid strengths between 76 and 79%. In these experiments, the acid phase was the continuous one. This value is in agreement with typical values found in liquid-liquid systems; for example, Fernandes and Sharma [53] found values between 1.13 and 1.6 x 1O--5 m s-' for the system n-hexylacetate and 1 M NaOH solution.
The following empirical correlation developed by Calderbank and Moo-Young [54] and experimentally validated in a wide range of operating conditions [55] may be used to determine the mass-transfer coefficient in the continuous phase k,, in liquid-liquid dispersion systems [56] (46) where P refers to the power dissipated by the stirrer:
P = Npp,niDi (47)
In our reactor the impeller Reynolds number is always greater than 104, hence Np may be considered as a constant, Np = 2.2 [7, 57] .
Using the correlation Eq. (44), and the experimental data from Chapman et al. [52] , the value obtained for k,,isl.lxlO~'ms '-seeAppendices4and5for a calculation of the physical and transport properties -which is in agreement with the reported literature experiments.
Isomer distribution
Another aspect to consider in the mononitration of toluene and chlorobenzene is the isomer distribution. The relative reactivities of the ortho, meta and para carbon atoms should be proportional to the electron availability at these sites and the relative probability of collision with a given nitronium ion. At the same time, the reaction rate measurements only consider the aromatic compound decay. Therefore the overall conversion rate obtained was split into partial rates for each isomer. The distribution of isomers depends on temperature and on the sulphuric acid strength.
The isomer distribution after reaction completion in the nitration of toluene was found to be 57.0-61.0, 3.4-4.2, and 34.0-38.0 molar% for ortho-, metaand pava-nitrotoluene, respectively, depending on reaction conditions [6] . A rather weak dependence on the reactor temperature, still within the experimental error range, was observed for the selectivity ratios ortho/ para. A temperature rise from 15 to 45 "C changes the values of this ratio at the end of the reaction from 1.69 to 1.76, which is within the experimental error. Also an influence of the sulphuric acid strength was observed, and it was correlated in the range of 60-80 wt.% as
Similar dependences have been found by Harris [58] and Barnet et al. [27] . They obtained a value of -0.021 for the slope in Eq. (48). The percentage of m-MNT was considered to be constant at 4%.
In the nitration of chlorobenzene, the data from Coombes et al. [28] Table 6 . This apparatus provides an accurate measurement of the heat removal from the reactor, which through a heat balance is used to deduce the rate of heat generation in a certain reaction mass, and hence the rate of reaction. The precision of this calorimetric method depends on the correct representation of all the secondary heat effects such as heat losses, stirring power supply, heat taken up by reactor wall and dilution heat [8] . In this particular case, the heat of dilution, which cannot be neglected as part of the total heat generated during the nitration, was evaluated using a model developed in previous work [59] .
Selectivity and yields were determined directly from the concentration measurements by gas chromatography (GC) [6] , whereas the reaction rate was estimated independently from calorimetric measurements [8] .
The experiments in the reaction calorimeter were carried out in such a way as to assure the overall conversion rate is always controlled by chemical reaction. This is accomplished by using sulphuric acid of a low strength, between 60-62 wt.%, for industrial aromatic mononitrations.
The operating conditions are summarized in Table 7 , where the maximum Hatta number calculated is also included. The calculated diffusivity coefficients as well as the mass-transfer coefficient discussed above were used to check the validity of the assumptions that Ha < 0.3 and In this experiment, 195 g of benzene were added batchwise to 868 g of mixed acid with a H,SO, strength of 62.0 wt."/o. The reactor temperature setpoint was 298.2 K and the stirrer speed was 6.67 s ~ '. Figs. 15 and 16 show the concentration profiles, obtained by GC, and the overall conversion rates, obtained by calorimetric measurements, for the nitration of toluene. As can be seen, the agreement between these two independent measurements is satisfactory. The nitration of toluene was carried out at 308.2 K and the stirrer speed was 6.67 s ~ I. The procedure was identical to the one described above for benzene, i.e. 184 g of toluene were added batchwise to 1870 g of mixed acid with a H,SO, strength of 61.4 wt.%. Fig. 17 shows the concentration profiles during a nitration of chlorobenzene which was carried out at 328.2 K and a stirrer speed of 6.67 sP '. In this experiment, 281 g of chlorobenzene were added batchwise to 851 g of mixed acid with a H,SO, strength of 62.0 wt.%.
The concentration
profiles show the behaviour is not that of a typical second-order reaction, since the rate of consumption decreases more rapidly; this is due to the fact that the concentration of the nitronium ion decreases as water is produced.
The differences between the experimental and simulated conversion rates at the beginning of the toluene nitration experiment are due to the slow conversion rates measured. Under such conditions, small errors in the evaluation of the heat capacity become important, since the reactor temperature is not stabilized and its derivative is not zero. From comparisons between model and experimental results it can be concluded that it is possible to extrapolate to heterogenous reactions in the kinetic regime of a slow liquid-liquid reaction using data from homogeneous nitration experiments; it is also possible to interpret the dynamic behaviour of discontinuous nitration processes in such conditions. 
Discussion and conclusions
The main objective of this paper was to analyse the possibility of extrapolating experimental data obtained from homogeneous nitration experiments -with nitric acid concentrations between 10 -4 and 10 ~ 2, and a temperature of 298.2 K ~ to discontinuous heterogeneous nitrations under conditions of high nitric acid concentrations and temperatures other than 298.2 K. Under such conditions, the composition of the acid phase is different from that used in the mechanistic studies analysed so far, and the nitration rates available from the latter are not immediately relevant to the former. Furthermore, in discontinuous nitrations the process is even more complex, because the two phases change in composition as the reaction proceeds and therefore all the relevant parameters like reaction rate constant, acidity of the acid phase, diffusivity of aromatic compounds, mass-transfer coefficient, interfacial area, interfacial tension and physical and transport properties change. For these reasons, the first necessary step was to validate the model in the kinetic regimein which mass-transfer resistance does not have an influence on the overall conversion rate -where the only important parameters are the reaction rate constant and the solubility of the aromatic compound in the mixed acid.
From the comparisons between model and experimental results it can be concluded that it is possible to extrapolate data from homogeneous nitration experiments and to interpret the dynamic behaviour of discontinuous nitration processes in the kinetic regime of slow liquid-liquid reactions. The HR function produces acceptable results in the acidity range studied, of 60 to 62 wt.% sulphuric acid; it is clear from Fig. 6 that at high acidity values the results become inaccurate [14] . This is the case for deactivated aromatic rings, e.g. in di-and trinitrations, for which it is necessary to work between 80 and 100 wt.% sulphuric acid strength to obtain significant conversion rates. This may be corrected by adjusting K in Eq. (10) to take into account such behaviour, but always the necessity remains of introducing monohydrated nitric acid for the determination of the reaction rates, even in the regions where practically no water is present.
Even though we are able to calculate correctly the reaction rate constant in a wide acidity range with the A4, function, for the determination of the kinetic function it is still difficult to extend these results to temperatures other than 298.2 K, since less experimental data are available when compared to the HR function. In particular, more data on the temperature dependence of the dissociation constant of nitric acid and the formation of nitronium ion are required, as well as the temperature variation of the A4, function. Despite this, the results are acceptable within the range of temperatures studied, of 298.2 to 328.2 K. Future work will be dedicated to the acquisition of the temperature dependence data to apply the A4, function.
In a second part of this work, the determination of the effective interfacial area and the mass-transfer-controlled region will be evaluated. Table Al Wilson's energy constants (cal g' mol-') and parameters (P = 1 bar) An important characteristic of the Wilson equation is that no specific interaction parameters for ternary systems are required, and that it uses only two temperature-dependent terms to describe the binary system: this reduces the quantity of experimental data to characterize a multi-component solution. The Wilson expression for the liquid-phase activity coefficient in a multicomponent system, assuming pure substance as standard state, is lny, = 1 -ln( i xjilki) -i + (Al) /=I where n;,= , 41'] 
642)
and uL refers to the liquid molar volume. In general, it is assumed that A, # A,,, A, = A,j = 1 and iii = iYj.
The Wilson parameters Aii for the binary systems HNO,-H,O, H,SO,-H,O and HNO,-H,SO, were calculated from a series of experimental isothermal and isobaric vapour-liquid equilibrium data points by means of the corrected Gauss-Newton non-linear leastsquares method in conjunction with either of the following objective functions OF (A3)
The calculation of the objective functions given in Eqs. (A3) and (A4) requires only the values of x and the total pressure at constant temperature, or the values of y and temperature at constant total pressure. The values are listed in Table Al . The experimental data sets used were isothermal data at 298. 2 K from Hala et al. [64] for the nitric acid-water system and for the sulphuric acid-water system, and further data from Bosen and Engels [65] . Vapour-liquid equilibria data for the nitric acid-sulphuric acid system are extremely scarce owing to the impossibility of obtaining pure anhydrous sulphuric acid under normal conditions. A series of liquid activity coefficients over a range of liquid compositions at 298.2 K in the binary mixture HNO,-H,SO, were found in Ref.
[66]. The ternary system was checked against experimental data from Ref. [67] , showing that the calculated activity coefficients for nitric acid and water were in good agreement with the experimental values [63] . Future efforts should be directed towards the use of more realistic functions that correctly represent the complex behaviour of nitric acid, sulphuric and water mixtures.
Appendix 2. Calculation of the reaction rate constant k; for chlorobenzene at different temperatures using the HR function
In order to derive the reaction rate constant k; related to the mechanism described in this paper, it is necessary to assume this constant is independent of the acidity of the acid phase and only depends on the aromatic compound and the temperature: log& = logk, -1ogK -log~HNol.HZo + (HI% + log%#) 
Appendix 3. Calculation of the reaction rate constant k; for toluene at different temperatures using the M, function
In order to derive the reaction rate constant k; and n related to the mechanism described in this paper, it is necessary to assume that k; is independent of the acidity of the acid phase and only depends on the aromatic compound and the temperature: Table A3 and Fig. A2 illustrate for toluene the calculation of k; using experimental data at different temperatures.
For benzene the Arrhenius plot was calculated from E, and A values reported by Coombes et al. [13] .
Appendix 4. Physical and transport properties in HNO,-H,SO,-H,O mixtures
The following correlations were employed to calcu-late the physical and transport properties for the mixed acid:
Volume. The volume of the mixed acid as a function of composition and temperature was calculated with: where B and To are the constants as given in Table A5 , and as obtained from experimental data in Ref.
[691.
The total viscosity in terms of individual viscosities was calculated using where xi refers to the weight percent of the compound. The viscosity obtained by Eq. (AlO) has been corrected by us using experimental data from Refs. [71, 72] : to this end, we used a second-order polynomial expression rllmixedacid = 9.676 -2.516~u, + 0.315~: (Al 1) where the viscosity is expressed in centipoises.
Appendix 5. Physical and transport properties of the organic phase
The following correlations were employed to calculate the physical and transport properties of the organic phase mixtures: Volume. Eqs. (A7) and (A8) were used for the calculation of the volume of the organic phase mixtures. The values for the constants A, B and C are given in Table  A6 .
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Appendix 6. Notation

